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An improved method for fabricating a three dimensional
monolithic memory with increased density. The method
includes forming conductors preferably comprising tung
Sten, then filling and planarizing; above the conductors
forming semiconductor elements preferably comprising two
diode portions and an antifuse, then filling and planarizing;
and continuing to form conductors and semiconductor ele
ments in multiple stories of memories. The arrangement of
processing steps and the choice of materials decreases aspect
ratio of each memory cell, improving the reliability of gap
fill and preventing etch undercut.
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METHOD FOR MAKING HIGH-DENSITY
NONVOLATILE MEMORY
RELATED APPLICATIONS

0001. This application is a continuation of Herner et al.,
U.S. patent application Ser. No. 10/855,775, “An Improved
Method for Making High-Density Memory, filed May 26,
2004, which is hereby incorporated by reference in its
entirety.
BACKGROUND OF THE INVENTION

0002 Integrated circuits are typically fabricated in
monocrystalline silicon Substrate. This Substrate is expen
sive, leading to continual efforts to fabricate more circuitry
within a given area of Substrate, increasing density.
0003 For nonvolatile memory, a highly effective
approach to increase density is to build monolithic three
dimensional memories above the substrate, like those dis
closed in Johnson et al., U.S. Pat. No. 6,034.882; Johnson et

al., U.S. patent application Ser. No. 09/928536, filed Aug.
13, 2001; Knall et al., U.S. Pat. No. 6,420,215; and Vyvoda
et al., U.S. patent application Ser. No. 10/185.507, filed Jun.
27, 2002, all hereby incorporated by reference in their
entirety.
0004 Such memories can be improved to achieve higher
densities.
SUMMARY OF THE INVENTION

0005 The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. In general, the invention is
directed to an improved method for making a monolithic
three dimensional memory.
0006 A preferred embodiment provides for a three-di
mensional memory cell comprising a first conductor extend
ing in a first direction, a semiconductor element over the first
conductor, the semiconductor element having a Substantially
cylindrical shape. Another preferred embodiment provides
for a monolithic three dimensional memory array compris
ing such a cell, while still another embodiment provides for
an electronic device comprising Such a cell.
0007. Other embodiments provide for improved density
and decreased feature size and height of portions of the
memory cell. For example, a preferred embodiment provides
for a monolithic three dimensional memory array having an

area density greater than about 5.0x10 cells/mm, while

another calls for a three dimensional memory cell compris
ing a semiconductor element over a first conductor, wherein
the cell has a feature size less than 2500 angstroms. Yet
another provides for a monolithic three dimensional memory

array having a cubic density greater than about 2.4x10"
cells/mm. An additional embodiment provides for a three

dimensional memory cell comprising a first conductor and a

first semiconductor element over the first conductor, wherein

the height of the first semiconductor element before pla
narizing is 4100 angstroms or less.
0008 Method embodiments are described as well. One
provides for a method for making a first three dimensional
memory cell. The method comprises forming a first con
ductor over a substrate, depositing layers of semiconductor

material over the first conductor, patterning the layers of
semiconductor material in a single patterning operation into
posts, and forming a second conductor over the semicon
ductor element, wherein etch undercut between layers in the
cell is less than 200 angstroms. Another provides for a
method of making a monolithic three dimensional memory
array comprising forming a plurality of Substantially parallel
first conductors, depositing a semiconductor layer stack,
patterning and etching the layer stack to form a plurality of
first semiconductor elements over the first conductors, fill

ing, and planarizing, wherein the memory array has a
minimum feature size less than 2500 angstroms.
0009. Another group of embodiments provides for con
tacts. One provides for a contact wherein the contact and an
overlying conductor comprise one or more layers of con
ductive material, each layer of conductive material formed
by the same deposition in the contact and in the overlying
conductor, said contact electrically connecting stories of
active devices formed above a substrate, wherein the contact

does not comprise silicon.
0010. Others provide for methods of forming contacts.
One provides for a method of forming a contact comprising
depositing a first part of an electrode adjacent an antifuse,
patterning and etching to form a contact Void, depositing a
second part of an electrode adjacent the antifuse, wherein the
electrode does not comprise silicon. Yet another calls for a
method of forming a contact in a memory array, said method
comprising depositing a conductive layer over and in contact
with a plurality of antifuses, wherein said antifuses are part
of a story of active devices formed above a substrate,
patterning and etching said conductive layer and insulating
dielectric to form a contact Void, and filling the contact Void.
0011. Other preferred embodiments are provided, and
each of the preferred embodiments can be used alone or in
combination with one another.

0012. The preferred embodiments will now be described
with reference to the attached drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

0013 FIG. 1a and 1b illustrate three dimensional
memory cells according to the present invention.
0014 FIG. 2a through FIG. 2d illustrate prior art device
fabrication.

0015 FIG. 2e and 2f illustrate viewing planes used in
FIGS. 4a and 4.C.

0016 FIG.3a through FIG. 3c illustrate etch undercut.
0017 FIG. 4a through FIG. 4c illustrate stringer forma
tion.

0018 FIG. 5a through FIG. 5c illustrate misalignment
between conductors and an overlying semiconductor ele
ment.

0.019

FIG. 6a and FIG. 6b illustrate spacing of the

semiconductor elements in two dimensions.

0020 FIG. 7 illustrates cross-sections of example shapes
having Substantially cylindrical shape.
0021 FIG. 8 and FIG. 9 illustrates contact formation
according to the present invention.
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DETAILED DESCRIPTION OF THE
INVENTION

0022. Johnson et al. and Knall et al. both disclose mono
lithic three dimensional memories which provide for high
density memory arrays. The present invention provides for
creation of a monolithic three dimensional memory with a
structure similar to those disclosed in Johnson et al., but uses
a different method of fabrication and different choice of

materials, allowing for improved density, performance, and
ease of manufacture.

0023 The structure of a single memory cell 2 of the
present invention is illustrated in FIG. 1a. At the bottom is
conductor 4. Above conductor 4 is semiconductor element 6.

and above that is conductor 8. In the present invention,
semiconductor element 6 is substantially cylindrical, for
reasons that will be described below. The memory cell of
Johnson et al. has a similar structure, but its semiconductor

element, called a pillar, is not Substantially cylindrical.
Turning to FIG.1b, in both the memory of Johnson et al. and
the present invention, another semiconductor element 10 can
be formed above conductor 8, and another conductor 12
above semiconductor element 10. Conductor 8 then serves

as the top conductor for the lower memory cell 2 and as the
bottom conductor for an overlying memory cell 18. Memory
cells may be stacked vertically several stories high.
0024. The methods of fabrication described by Johnson et
al. to form an array of Such memory cells make use of
self-alignment. As shown in FIG. 2a, the first conductor
material 46 and first semiconductor layer stack 45 are
deposited. Both are patterned and etched in a first etch to
form substantially parallel first conductors and first etched
lines of semiconductor layer stack in a single masking step,
the resulting structure shown in 2b. Note that the semicon
ductor layer stack has been etched at this point into lines 45a
and 45b, and not yet into pillars. The gaps between the lines
of semiconductor layer stack and the conductors are filled
with dielectric material (not shown) to insulate the wiring
and devices from one another. Next, in FIG. 2C, the second

conductor material 50 and second semiconductor layer stack
51 are deposited, then are patterned and etched in a second
etch to form Substantially parallel second conductors and
second etched lines of semiconductor layer stack which are
Substantially perpendicular to the first conductors. As shown
in FIG. 2d, the second etch continues past the second
conductors and etches through the first lines of semiconduc
tor layer stack, forming first semiconductor pillars such as
45a1 and 45b1, leaving the first pillars with substantially
rectangular cross-sections. The insulating dielectric is not
etched. Because they were formed in a shared masking step,
two opposing sides of each of the first pillars (e.g. 45a1) are
self-aligned with the edges of the first conductor below (e.g.
46a), while the other two opposing sides of each of the first
pillars are self-aligned with the edges of the second con
ductor above (e.g. 50a.) The gaps in between the second
conductors and second lines of semiconductor material are
filled with dielectric material.

0025. Use of self-alignment allows for a minimal number
of masking steps per device layer. Self alignment eliminates
the spatial error that occurs when one layer is independently
aligned to the layer below, allowing for smaller feature size.
Feature size is the minimum dimension of elements in a cell.

0026. As this process is scaled to still smaller feature size,
however, two challenges come to the fore. First, as feature

size gets Smaller, conductors and pillars get thinner and
move closer together, causing the aspect ratio (ratio of height
to width) of the gaps between features to increase. When the
aspect ratio exceeds about 7:1, it becomes difficult to reli
ably fill gaps with dielectric material using conventional
techniques without creating voids in the fill. These voids can
be fatal to device performance.
0027. Another problem is that of etch undercut that
occurs when etching a film stack consisting of several
different materials. FIG. 3a illustrates a stack of materials to

be etched. In this example, the stack consists of a layer of
polycrystalline silicon 82 (also called polysilicon), TiN layer
84, TiSilayer 86, and polysilicon layer 88. Photoresist layer
80 is patterned on top, and all of the layers below are etched.
Etch selectivity, which describes the etching rate of one
material relative to the etching rate of another material,
between polysilicon and TiSi is poor, so while polysilicon
layer 88 is being etched, TiSi layer 86 is unintentionally
etched as well, as illustrated in FIG. 3b. That is, as the

polysilicon in polysilicon layer 88 underneath the TiSilayer
86 is being etched vertically, the TiSi of TiSi layer 86 is
etched laterally.
0028 Such undercut can damage device performance. As
feature size decreases, the width of the stacks to be etched

decreases. The height of the stack is unchanged, however, so
the time required for etch and the amount of undercut is also
unchanged. The same absolute amount of undercut on a
narrower stack results in a larger percentage undercut, as
shown in FIG. 3c.

0029. By recognizing the aspect ratio and undercut prob
lems and Solving them through process changes and choices
of material, the present invention decreases the minimum
feature size achievable in a monolithic three dimensional

memory. The present invention decreases aspect ratio by
using different fabrication methods, and minimizes etch
undercut by using different materials.
0030 The present invention affords another advantage
over prior art methods and structures by preventing a
problem that may arise in the fabrication steps described in
Johnson et al. Depending on etch conditions, the first etch,
which results in the first lines of semiconductor layer stack
and the first conductors, shown in FIG. 2b, may not yield
perfectly vertical walls. Material higher in the stack is
exposed to etchant longer than material lower in the stack,
potentially causing sloping sides, as shown in cross-section
in FIG. 4a. The cross section is along plane P. shown in
FIG.2e. For clarity, the slope is exaggerated. FIG. 4b shows
the same first lines of etched semiconductor layer stack filled
with dielectric material D. Next the second conductors are

deposited, then the second layer stack, and finally the second
etch takes place.
0031 Turning to FIG. 2f the second etch etches through
a second layer of semiconductor layer stack, second con
ductors, and the first lines of semiconductor layer stack.
When etching the first lines of semiconductor layer stack,
this etch is selective to material constituting the first and
second semiconductor layer stacks, and does not appreciably
etch the dielectric material between the first lines of semi

conductor layer stack (recall this dielectric material was
deposited after the first etch and before deposition of the
second conductors.) This second etch slices through spaced
segments of first lines of semiconductor layer Stack, creating
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pillars. Material within the first semiconductor layer stack
trapped under overhanging dielectric material, between pil
lars, may not be removed in the second etch, as shown in
FIG. 4c. The cross section is again along plane P. shown in
FIG. 2f. This remaining material, sometimes called a
'stringer. S. can provide an unintended electrical path
between adjacent pillars, e.g. between 45a1 and 45a2, and
between 45b1 and 45b2 in FIG. 2.f.
0032. Where two adjacent pillars have stringers that
interfere with their electrical isolation from each other, the

functioning of these memory cells can be compromised.
Specifically, a write operation to one memory cell can
undesirably affect one or both memory cells, i.e., a write
disturb condition can occur.

0033. The present invention, by employing an improved
method of fabrication, prevents formation of Stringers.
Fabrication

0034. The fabrication process of the present invention
will be described first in general terms, then specific embodi
ments will be described in greater detail.
0035. The process typically begins on an insulating layer
formed over a semiconductor substrate. First the conductors

are formed. In the first step, a thin adhesion layer, preferably
of TiN, can be deposited. Above this a conductor material,
preferably tungsten, is deposited. Tungsten has low resis
tivity, so the conductor layer can be thinner than if other

conductor materials, such as TiSi, were used, helping to

decrease aspect ratio. The use of tungsten rather than TiSi
also lowers the overall thermal budget: TiSi is formed by
depositing Ti on Si, then annealing the materials to form
TiSi. The temperature at Some point of the processing must
beat least 750 degrees C. to form the desired low resistivity
C54 TiSi phase. Tungsten, on the other hand, can be
deposited at 400 to 500 degrees C. Reducing processing
temperature limits dopant diffusion and minimizes agglom
eration of materials like TiSi or CoSi (which may be used
in transistors underneath the memory array.) Dopant diffu
sion and silicide agglomeration are detrimental to device
performance.
0036) Optionally, a barrier material, preferably TiN, can
be deposited next. This barrier layer prevents reaction
between tungsten and silicon, which in Some embodiments
will be deposited in a later step. (This TiN barrier layer is
preferred but not essential. If included, it can be formed
either as the top layer in the conductor or as the bottom layer
in the overlying semiconductor element.) Next the deposited
layers are patterned and etched to form a plurality of
substantially parallel first conductors. The materials etched
during this etch step are TiN and tungsten. TiN and tungsten
have good etch selectivity, so etching of the TiN adhesion
layer does not cause undercut of the tungsten layer. Next the
gaps between the conductors are filled with dielectric mate
rial, preferably SiO, and planarized to expose the tops of the
conductors, preferably by chemical mechanical polishing
(CMP). The relatively short height of the TiN adhesion
layer—tungsten conductor—(optional) TiN barrier layer
stack allows for relatively small aspect ratio for deposition
of the dielectric material in the gaps.
0037 Next the semiconductor elements are formed. If the
TiN barrier material was not deposited as part of the
conductors, it can be deposited at this point, as part of the

materials used to form the semiconductor elements. Above

this optional TiN barrier layer, several layers of semicon
ductor material and an antifuse layer are deposited or grown.
Semiconductor material may be doped polysilicon. Different
diode-antifuse configurations are possible. Next the depos
ited semiconductor layer Stack is patterned and etched to
form pillar-shaped semiconductor elements. In most
embodiments, the materials etched are silicon, a very thin
layer of SiO, and a thin layer of TiN. Due to the etch
chemistries involved and to the thinness of the SiO, and TiN
layers, little or no undercut occurs. Next the gaps between
the semiconductor elements are filled with dielectric mate

rial, preferably SiO, and planarized to expose the tops of the
semiconductor elements, preferably by CMP. The height of
the gap to be filled with dielectric is only the height of the
semiconductor elements, so the aspect ratio remains low.
0038 Next second conductors are formed above the
semiconductor elements. As before, an adhesion layer of
TiN is deposited, followed, preferably, by tungsten, and,
optionally, a barrier layer of TiN. The deposited layers are
again patterned and etched into a plurality of Substantially
parallel second conductors, preferably Substantially perpen
dicular to the first conductors. As before, the gaps between
the conductors are filled, preferably with SiO, and pla
narized.

0039 The resulting structure is a bottom or first story of
memory cells. By continuing to form semiconductor ele
ments and conductors, further memory cells can be built
above this first story. The upper conductors of the first story
of cells will serve as the lower conductors of an overlying,
second story of cells. Ultimately the memory can be several
stories high.
0040. Because the gaps between conductors are filled in
one deposition step, and the gaps between pillars are filled
in another deposition step, the aspect ratio of the gaps to be
filled is less than if gaps extending vertically from the top of
pillars to the bottom of the conductor below were filled in a
single deposition step, as in the self-aligned process. Simi
larly, the shorter etches mean shorter etch times, minimizing
etch undercut. The choice to etch materials with good etch
selectivity in a single patterning step for both the conductor
etches and for the semiconductor element etches also mini
mizes etch undercut. "Minimal etch undercut” means less

than 200 angstroms of undercut measured perpendicular to
an etched wall.

0041 What follows is a more detailed description of the
present invention, including a variety of embodiments.
0042. Formation of the memory begins with a substrate.
This Substrate can be any semiconducting Substrate as
known in the art, Such as single crystal silicon, IV-IV
compounds like silicon-germanium or silicon-germanium
carbon, III-V compounds, II-VII compounds, epitaxial lay
ers over Such substrates, or any other semiconducting mate
rial. The substrate may include integrated circuits fabricated
therein.

0043. An insulating layer is formed over the substrate.
The insulating layer can be silicon oxide, silicon nitride,
high-dielectric film, Si-C O—H film, or any other suit
able insulating material.
0044) The first conductors are formed over the substrate
and insulator. An adhesion layer may be included between
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the Substrate and the conducting layer to help the conducting
layer adhere. Preferred materials for the adhesion layer are
TaN, WN, Tiw, sputtered tungsten, TiN, or combinations of
these materials. If the overlying conducting layer is tung
sten, TiN is preferred as an adhesion layer.
0045. If such an adhesion layer is included, it can be
deposited by any process known in the art. Where this
adhesion layer is TiN, it can deposited by depositing a TiN
material, or by depositing a Timaterial and then nitriding the
Timaterial. The TiN can be deposited by any chemical vapor
deposition (CVD) process, physical vapor deposition (PVD)
process such as sputtering, or an atomic layer deposition
(ALD) process. In one embodiment, the TiN material is
deposited by a sputtering process.
0046) The thickness of the adhesion layer can range from
about 20 to about 500 angstroms. In one embodiment, the
thickness of the adhesion layer is about 200 angstroms. Note
that in this discussion, “thickness” will denote vertical

thickness, measured in a direction perpendicular to the
substrate.

0047 The next layer to be deposited is the conducting
layer. If no adhesion layer is provided, the conducting layer
is the first layer deposited. This conducting layer can com
prise any conducting material known in the art, including
tantalum, titanium, tungsten, aluminum, copper, cobalt, or
alloys thereof. TiN may be used. Where the conducting layer
is tungsten, it can be deposited by any CVD process or a
PVD process. In one embodiment, the tungsten is deposited
by a CVD process. The thickness of the conducting layer can
depend, in part, on the desired sheet resistance and therefore
can be any thickness that provides the desired sheet resis
tance. In one embodiment, the thickness of the conducting
layer can range from about 200 to about 2000 angstroms. In
another embodiment, the thickness of the conducting layer
is about 1500 angstroms.
0.048 If tungsten is used for the conducting layer, it is
preferred to use a barrier layer between the tungsten and the
semiconductor material that will be part of the semiconduc
tor elements that will eventually overlie the conductors.
Such a barrier layer serves to prevent reaction between
tungsten and silicon. The barrier layer may either be the top
layer of the conductors or the bottom layer of the semicon
ductor elements.

0049. If a barrier layer is to be used, and is to be formed
as the top layer of the conductors, the barrier layer should be
deposited after the conducting layer. Any material serving
this function can be used in the barrier layer, including WN,
TaN. TiN, or combinations of these materials. In a preferred
embodiment, TiN is used as the barrier layer. Where the
barrier layer is TiN, it can be deposited in the same manner
as the adhesion layer described earlier.
0050. The thickness of the barrier layer in the finished
device can be any thickness that will provide the function
noted above, for example a thickness of about 20 to about
500 angstroms. The final thickness of the barrier layer is
preferably about 200 angstroms. Note that planarization of
this layer will remove Some material, so sacrificial material
should be deposited in anticipation of this. If there is no
barrier layer on top, some tungsten will be lost through CMP.
However the CMP selectivity between SiO, and tungsten, ie.
the rate at which oxide is polished relative to tungsten, is

large. Thus SiO can be removed from the top of the
tungsten with confidence that all of the SiO can be removed
while removing a minimal amount of tungsten.
0051. The material used in the conducting layer and the
material used in the adhesion and barrier layers, if present,
should be chosen to have good etch selectivity.
0052 Once all the layers that will form the conductors
have been deposited, the layers will be patterned and etched
using any suitable masking and etching process to form
Substantially parallel conductors. In one embodiment, a
photoresist mask is deposited, patterned by photolithogra
phy and the layers etched, and then the mask is removed,
using standard process techniques such as "ashing in an
oxygen-containing plasma, and strip of remaining polymers
formed during etch in a liquid solvent such as EKC.
0053. The width of the conductors after etch can range
from about 300 to about 2500 angstroms. (In this discussion
"width' will refer to the width of a line or feature measured

in the plane substantially parallel to the substrate.) The width
of the gaps between the conductors preferably is substan
tially the same as the width of the conductors themselves,
though it may be greater or less. In one embodiment, the
width of the conductors is about 1500 angstroms, as is the
width of the intervening gaps. As noted earlier, it becomes
difficult to reliably fill gaps with dielectric material like SiO,
when the aspect ratio of the gaps is greater than 7:1. Thus the
width of the gaps should be chosen Such that the aspect ratio
of the gaps is not greater than 7:1, and is preferably much
smaller. Clearly the width can be reduced when the thick
nesses of the layers comprising the conductors, and thus of
the conductors themselves, are smaller.

0054 It should be noted that this 7:1 limit for aspect ratio
applies when SiO is used as the dielectric fill material.
Alternative fill materials, like silicon nitride, can in fact be

used for reliable fill without voids to fill gaps with a higher
aspect ratio. SiO is preferred for several reasons, including
ease of processing, low thermal budget, and low leakage as
compared to silicon nitride and other dielectrics.
0055. The width of the conductors and gap is also
restricted by the selected pitch. Pitch is the distance from
one feature to the next occurrence of the same feature: from

the center of one conductor to the center of the adjacent
conductor, for example, or from the center of one semicon
ductor element to the center of an adjacent semiconductor
element. Semiconductor elements are to be formed above

the conductors, as will be described in detail below. Each

semiconductor element will be formed directly over a con
ductor, so the semiconductor elements and the conductors

preferably should have the same width and the same pitch.
The pitch of the conductors is limited not only by the need
to achieve an aspect ratio no more than 7:1 for gaps between
the conductors, but also to achieve the same 7:1 aspect ratio,
or less, for gaps between the yet-to-be-formed overlying
semiconductor elements.

0056 Next a dielectric material is deposited over and
between the conductors. The dielectric material can be any
known electrically insulating material. Such as silicon oxide,
silicon nitride, or silicon oxynitride. In a preferred embodi
ment, silicon oxide is used as the insulating material. The
silicon oxide can be deposited using any known process,
such as CVD, or, for example, high density plasma CVD
(HDPCVD).
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0057 Finally removal of the SiO, on top of the conduc
tors while leaving the SiO in between the conductors, a
process known as planarization, is performed. This pla
narization can be performed by any process known in the art,
Such as CMP.

0.058 Alternatively, the conductors can be formed by a
Damascene process, in which oxide is blanket deposited,
lines are etched in the oxide, then the lines are filled with

TIN and tungsten to create the conductors. The TiN and
tungsten films on top of the original plane of oxide are
removed by any process known in the art, such as CMP.
leaving TiN and tungsten wires, with dielectric material
insulating the wires from one another.
0059) Next, semiconductor elements will be formed
above the completed conductors. In general, a semiconduc
tor element comprises two portions of a diode and an
antifuse. (Optionally, a barrier layer may be included.)
Several embodiments are possible. The two portions of a
diode may be separated by an antifuse, forming an incipient
diode that only becomes a diode when the antifuse is
ruptured. Alternately, the semiconductor element may com
prise an intact diode with an antifuse above and in series
with it. In an alternate embodiment, a semiconductor ele

ment may comprise an intact diode formed with an antifuse
formed below and in series with it. Any of these embodi
ments may optionally include a barrier layer as the bottom
layer in the semiconductor element.

0060. In all of these embodiments, if a barrier layer is to
be used between the lower conductors and the semiconduc

tor elements, and is to be the bottom layer of the semicon
ductor element rather than the top layer of the conductors, it
will be deposited as the first layer after planarization of the
conductors. It can be of any of the materials and deposited
in any of the manners described earlier. Its thickness, as
when it is deposited as part of the conductors, can be, for
example, about 20 to about 500 angstroms. The thickness of
the barrier layer is preferably about 200 angstroms.
0061 Subsequent processing depends on which configu
ration of diode halves and antifuse is employed.
Junction Antifuse

0062. In one group of embodiments, the antifuse is
formed between two halves of an incipient diode, which
becomes a diode only when the antifuse is ruptured. This
configuration will be referred to as a junction antifuse. There
are four most preferred embodiments of junction antifuse
type semiconductor elements. Two are incipient P+/Ndiodes (in which, for example, heavily doped P-type silicon
is on one side of the antifuse and lightly doped N-type
silicon is on the other), while two are incipient N+/P-diodes
(in which heavily doped N-type silicon is on one side of the
antifuse and lightly doped P-type silicon is on the other.)
Each of these diode types can be formed “rightside-up' or
“upside-down”. “Rightside up' diodes will describe diodes
in which the P+ or N+ portion is deposited first, forming the
bottom portion of the diode, followed by the N- or P
portion, forming the top of the diode. "Upside down” diodes
describes diodes in which the N- or P-portion is deposited
first, forming the bottom portion of the diode, followed by
the P+ or N+ portion, forming the top of the diode.
0063. The semiconductor material can be silicon, silicon
germanium, silicon-germanium-carbon, germanium, or

other suitable IV-IV compounds, gallium arsenide, indium
phosphide, or other suitable III-V compounds, zinc selinide,
or other II-VII compounds, or a combination. Silicon is the
material used most commonly in the industry, so, for sim
plicity, this description will refer to the semiconductor
material as silicon, but it will be understood that other

materials may be substituted. In preferred embodiments,
polysilicon is used. Silicon layers may be deposited amor
phous, then later crystallized by heat treatment, or may be
deposited as polysilicon.
0064. To form a rightside-up P+/N-diode with junction
antifuse, a layer of heavily doped P-type silicon must be
formed. This layer can be formed by any deposition and
doping method known in the art. The silicon can be depos
ited and then doped, but is preferably doped in situ. In a
preferred embodiment, this layer can range from about 100
to about 1000 angstroms, preferably 200 angstroms, and

have a dopant concentration of about 1x10' to about 3x10'
atoms/cm, and preferably about 1x10' atoms/cm.
0065. The antifuse can be a thin layer of SiO. The SiO,
can be made by oxidizing the underlying silicon layer, or
silicon oxide material can be deposited, typically using a
CVD process. In one embodiment, the silicon oxide layer is
grown by oxidizing the underlying silicon in O. plus N. at
a temperature of about 650 degrees C. for about 60 seconds.
The thickness of the SiO layer can range from about 10 to
about 100 angstroms, and in one embodiment is about 25
angStroms.

0066 Above the antifuse is lightly doped N-type silicon.
This layer can formed by any deposition and doping method
known in the art. The thickness of the lightly doped N-type
silicon layer can range from about 1000 to about 4000
angstroms, preferably about 2500 angstroms, and have a

dopant concentration of about 1x10" to about 1x10'
atoms/cm, and preferably 1x10" atoms/cm. In one

embodiment, silicon is deposited without intentional doping,
yet has defects which render it slightly N-type.
0067. Above this is a layer of heavily doped N-type
silicon. This layer forms the ohmic contact to the top portion
of the P+/N-diode. This layer can formed by any deposition
and doping method known in the art. The thickness of the
heavily doped N-type silicon can range from about 100 to
about 2000 angstroms, preferably about 1000 angstroms.
Note this is the thickness as-deposited. If this layer is subject
to later planarization, as in most embodiments, it will be
thinner in the finished device. This layer has a dopant

concentration of about 1x10' to about b 1x10' atoms/cm,

preferably 5x10' atoms/cm.

0068. Using conventional equipment and techniques,
when doped silicon is deposited in a furnace, doped silicon
is deposited not only on the wafer Surfaces, but also on every
other surface in the furnace. If the next deposition in the
same furnace is of undoped silicon, or silicon of the opposite
conductivity type, outgassing of the dopant from silicon
deposited in the previous deposition can compromise doping
quality. This is known variously as autodoping or the
memory effect. To prevent this, the semiconductor element
can be “capped by an undoped layer of silicon deposited to
a thickness of at least about 200 angstroms. This undoped
layer of silicon covers and seals the previously deposited
doped silicon coating Surfaces in the furnace, protecting the
next deposited layer from outgassed dopant. This technique
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is described in Herner, U.S. patent application Ser. No.
09/859282, filed May 17, 2001, hereby incorporated by
reference. The undoped 'cap' will be removed by a subse
quent planarization step and therefore will not become part
of the finished device. This technique can be used at any
point when sequential depositions of different conductivity
types are to be performed in the same furnace, and when
future processing will remove the undoped cap.
0069. For an upside-down P+/N-diode with a junction
antifuse, the same layers are formed with the same dimen
sions and in same way, but in a different order: first the
heavily doped N-type silicon layer, which forms the ohmic
contact to the diode then the lightly doped N-type silicon
layer, then the antifuse, then the heavily doped P-type silicon
layer.
0070 The rightside-up and upside-down N+/P- diodes
with junction antifuse use the same layers as the P+/Ndiodes, though with the conductivity type of each doped
silicon layer reversed: A rightside-up N+/P-diode, from the
bottom up, includes heavily doped N-type silicon, an anti
fuse, lightly doped P-type silicon, and heavily doped P-type
silicon. The heavily doped P-type silicon forms the ohmic
contact to the top portion of the diode. An upside-down
N+/P- diode, from the bottom up, includes heavily doped
P-type silicon, which forms the ohmic contact to the bottom
of the diode, lightly doped P-type silicon, an antifuse, and
heavily doped N-type silicon. The deposition and doping
methods are as known in the fields, and the thicknesses of

the layers are as described above for the corresponding layer
with conductivity types reversed.
Top Antifuse
0071. In another group of semiconductor element
embodiments, the antifuse is formed on top of a diode. This
configuration will be referred to as a top antifuse. As with the
junction antifuse group of embodiments, the diode can be
either a P+/N- or an N+/P-diode, and can be built rightside
up or upside-down. For preferred top antifuse embodiments,
the antifuse is grown after the diode has been etched, filled,
and planarized.
0072 A top antifuse-type rightside-up P+/N-diode will
comprise, from the bottom up, the following layers: heavily
doped P-type silicon, lightly doped N-type silicon, heavily
doped N-type silicon (which forms the ohmic contact to the
top of the P+/N-diode), and an antifuse. The same diode,
upside down, will comprise, from the bottom up: heavily
doped N-type silicon, which forms the ohmic contact to the
bottom of the P+/N- diode, lightly doped N-type silicon,
heavily doped P-type silicon, and an antifuse.
0.073 A top antifuse-type rightside-up N+/P- diode will
comprise, from the bottom up: heavily doped N-type silicon,
lightly doped P-type silicon, heavily doped P-type silicon,
which forms the ohmic contact to the top of the diode, and
an antifuse. The same diode, upside-down, will comprise,
from the bottom up: heavily doped P-type silicon, which
forms the ohmic contact to the bottom of the diode, lightly
doped P-type silicon, heavily doped N-type silicon, and an
antifuse.

0074. In the junction antifuse embodiments above and the
bottom antifuse embodiments described below, all of these

layers are deposited (or grown), then patterned and etched,
the gaps filled with dielectric, and semiconductor elements

and intervening dielectric fill planarized. Most top antifuse
embodiments deviate from that pattern for the formation of
the antifuse.

0075) A very thin antifuse layer formed on top of the
semiconductor element would be highly vulnerable to inad
vertent damage or removal if subjected to planarization. For
preferred top antifuse embodiments, the antifuse is formed
after planarization. The doped silicon layers are deposited
and doped using any process known in the art (using the
undoped cap if desired), then patterned, etched, filled, and
planarized to expose heavily doped silicon at the top of the
semiconductor element. After planarization is complete, the
exposed silicon is oxidized and a SiO, antifuse grown on top
of it.

0076 An advantage of the top antifuse embodiments is
reduced processing time. In the junction antifuse embodi
ments, to deposit the layers that will form the diode portions
and the antifuse, first silicon is deposited, then the antifuse
is formed, either through deposition of SiO, or by oxidation
of the top of the underlying silicon, and then more silicon is
deposited. After the first deposition of silicon, the wafers
must be unloaded and moved to another tool (for rapid
thermal anneal, for example), to grow the antifuse. Then the
wafers must be moved back to the furnace for the next

silicon deposition. In the top antifuse embodiments, on the
other hand, only a single deposition of silicon is required,
reducing processing time and cost, and reducing exposure to
contaminants cause by extra handling.
Bottom Antifuse

0077. In another group of embodiments, the diode is
formed above the antifuse. This configuration will be
referred to as a bottomantifuse. As with the junction antifuse
group of embodiments, the diode can be either a P+/N- or
an N+/P- diode, and can be built rightside-up or upside
down. Deposition of the silicon layers, and their dopant
levels and thicknesses, can be as described in the top
antifuse embodiments.

0078 If a barrier layer of TiN is used, either as the top
layer of the conductor or as the bottom layer of the semi
conductor element, these bottom antifuse embodiments

present some challenges. If SiO is used as the antifuse, a

SiO, layer directly on top of TiN cannot be grown through

oxidation, as it can when being formed on top of silicon.
Instead it is deposited directly as SiO. It is difficult to
deposit a thin stoichiometric layer of SiO, on top of TiN.
These embodiments are thus less preferred. Clearly, other
dielectric materials could be used instead.

Pattern, Etch, Fill, and Planarize

0079) When the layers that will form the optional bottom
barrier layer, the diode portions and the antifuse are depos
ited (omitting the antifuse, which will be grown later, in the
top antifuse embodiments), the layers should be patterned
and etched to form semiconductor elements. The semicon

ductor elements should have the same pitch and the same
width as the conductors below, such that each semiconductor

element is formed on top of a conductor.
0080 With perfect alignment, the center of a semicon
ductor element should be located directly over the center of
the conductor below it, as in FIG. 5a. A significant amount
of misalignment can be tolerated, however, as in FIG. 5b.

US 2006/01 89.077 A1

As long as a semiconductor element isn’t 100 percent
misaligned, bridging adjacent conductors and forming an
electrical contact with both of them, as in FIG. 5c, the

resulting device can function Successfully with Substantial
misalignment. The bulk of the resistance in the circuit
described, namely a programmed diodefiantifuse in contact

with conductors, should come from the diode, which has a

resistivity in the thousands of ohms due to the use of lightly
doped silicon. In contrast the contact resistance between the
tungsten/TiN wire and heavily doped silicon is less than 100
ohms. Therefore, even if misalignment between the wiring
and semiconductor element results in only 10 percent of the
semiconductor area being in contact with the wiring either
above or below, the resistance will not be substantially
different than perfectly aligned layers in which 100 percent
of the cross section of the semiconductor element is in

contact with the wiring.
0081 Referring to FIG. 6a, underlying conductors C1
extend in a first direction D1. If underlying conductors C1
and overlying semiconductor elements S1 are to align, then
clearly the pitch P1 of the semiconductor elements S1 in a
second direction D2 (preferably substantially perpendicular
to the first direction D1) must be the same as the pitch P1 of
the underlying conductors C1. The pitch P2 of the semicon
ductor elements S1 in the first direction D1, however, is not

constrained by the pitch P1 of the underlying conductors C1.
0082 Later in the process, as shown in FIG. 6B, over
lying conductors C2 will be formed over the semiconductor
elements. Overlying conductors C2 extend in the second
direction, D2. The pitch P2 of the semiconductor elements
S1 in the first direction D1 should be chosen to align with the
overlying conductors to be formed above, and thus should be
at a pitch P2 allowing alignment with their intended pitch P2
and orientation. As with the underlying conductors, Substan
tial misalignment between the semiconductor elements and
the overlying conductors can be tolerated.
0083. The semiconductor elements can be formed using
any Suitable masking and etching process. For example, a
photoresist mask can be deposited, patterned using photo
lithography and etched, and then the photolithography mask
removed. Alternately, a hard mask of Some other material,
for example SiO, can be formed on top of the semicon
ductor layer stack, with bottom antireflective coating
(BARC) on top, then patterned and etched. Similarly, dielec
tric antireflective coating (DARC) can be used as a hard
mask. The resulting structure at this stage of the process is
shown in FIG. 6A.

0084. For reasons explained more fully below, rectangu
lar features formed with feature size in both dimensions less

than about 2500 angstroms using standard photomasking
techniques tend to be substantially cylindrical, regardless of
the shape of the mask. The semiconductor elements after
etch thus will be substantially cylindrical, with a diameter
ranging from about 300 to about 2500 angstroms. The width
of the gaps between the semiconductor elements preferably
is Substantially the same as the diameter of the semiconduc
tor elements themselves, though it may be greater or less. In
one embodiment, the diameter of the semiconductor ele

ments is about 1500 angstroms, as is the width of the
intervening gaps at their narrowest point.
0085. As noted earlier, it becomes difficult to fill gaps
with dielectric material such as SiO, when the aspect ratio
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of the gaps is greater than 7:1. Thus the width of the gaps
should be chosen such that the aspect ratio of the gaps is not
greater than 7:1. Clearly the width can be reduced when the
thicknesses of the layers comprising the semiconductor
elements, and thus of the semiconductor elements them
selves, are smaller.

0086) Next a dielectric material is deposited over and in
between the semiconductor elements, filling the gaps
between them. The dielectric material can be any known
electrically insulating material. Such as silicon oxide, silicon
nitride, or silicon oxynitride. In a preferred embodiment,

SiO, is used as the insulating material. The SiO, can be

deposited using any known process, Such as CVD, or, for
example, HDPCVD.
0087 Planarization is then performed to remove the
dielectric material on top of the semiconductor elements and
expose their top surfaces, while leaving the dielectric in
between them. This planarization can be performed by any
process known in the art, such as CMP. In preferred top
antifuse embodiments, a SiO, antifuse layer is then grown
on top of the exposed silicon after CMP.
0088 Overlying conductors can be formed in the same
manner as the underlying conductors. The resulting structure
is a bottom or first story of memory cells. By continuing to
form semiconductor elements and conductors, further

memory cells can be built above this first story. The upper
conductors of the lower story of cells will serve as the lower
conductors of an overlying, second story of cells. Ultimately
the memory can be several stories high. In a preferred
embodiment, the memory can contain from two to twelve
stories. In another preferred embodiment, the memory con
tains eight stories.
0089. One advantage afforded by the current invention is
that in all embodiments the top layer of the semiconductor
element when planarization is performed on it (and on the
intervening dielectric fill) is a heavily doped layer. CMP (or
another planarizing method) will reduce the thickness of the
layer on which it is performed. This reduction in thickness
can be difficult to control, and may vary across a wafer. The
thickness of the lightly doped layer in a diode is critical to
diode properties like leakage and reverse stress failure. It is
desirable for all devices to have the same, or very nearly the
same thickness of the lightly doped layer. Performing pla
narization on this layer, which results in a thickness that can
vary greatly not only from wafer-to-wafer, but also within
the wafer, makes for a less robust process. The thickness of
the heavily doped layers, on the other hand, is much less
crucial to device performance. Their thickness can vary to a
much larger degree while not affecting the device perfor
mance greatly. Planarizing on these layers is far less likely
to compromise device reliability.
Density
0090 The feature size of the three dimensional memory
cell of the present invention, and thus the density of an array
composed of Such cells, is limited by the thickness (height)
of the conductors and of the semiconductor elements.

Because of the 7:1 aspect ratio limit for reliable SiO, gap fill,
the gap between features can be no smaller than one-seventh
of the height of the features. The semiconductor elements
are generally thicker than the conductors, and thus it is their
thickness that limits the feature size of the memory cell.
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Recall the semiconductor element material is deposited, then
patterned, etched, and the gaps between the elements filled
with dielectric material. Thus, the aspect ratio immediately
before dielectric fill is the relevant measure of aspect ratio.
After dielectric gap fill, planarizing will remove some semi
conductor material at the top of the semiconductor element,
in addition to the dielectric. The height of the semiconductor
element in the finished device, then, is less than its deposited
height.
0.091 The height of the semiconductor element is the
combined height of the barrier layer (if present), the semi
conductor layers, and the antifuse. In the junction antifuse
rightside-up P+/N- diode embodiment with a TiN barrier
layer, for example, in one preferred embodiment, the heights
of these layers are: 200 angstroms (TiN), 200 angstroms
(heavily doped P-type silicon), 25 angstroms (antifuse),
2900 angstroms (lightly-doped N-type silicon), and 1000
angstroms (heavily doped N-type silicon and undoped cap.)
The total of these thicknesses, the height of the semicon
ductor element at the time of gap fill, is 4325 angstroms. At
a 7:1 aspect ratio, the size of the gap between the semicon
ductor elements can be about 600 angstroms.
0092. If the smallest preferred thickness for each layer is
used instead, those values are 20 angstroms (TiN), 200
angstroms (heavily doped P-type silicon), 10 angstroms
(antifuse), 1000 angstroms (lightly-doped N-type silicon),
and 1000 angstroms (heavily doped N-type silicon and
undoped cap.) The total is 2230 angstroms, which, at 7:1
aspect ratio, allows for a feature size of about 300 ang
StromS.

0093. Larger thicknesses can also be used: 500 angstroms
(TiN), 1000 angstroms (heavily doped P-type silicon), 100
angstroms (antifuse), 4000 angstroms (lightly-doped N-type
silicon), and 2000 angstroms (heavily doped N-type silicon
and undoped cap.) Using these thicknesses, the total height
is 7600, for a feature size of about 1100 angstroms. Clearly,
still larger thicknesses and feature sizes are possible as well.
0094 Decreasing feature size allows for a substantial
reduction in area density; i.e., memory cells formed on or
over an area of Substrate. For example, in memory devices
like those described in Johnson et al., the area of a memory

cell can be represented as 4F, where F is the feature size.
Because stories of memory are stacked vertically, the area
density of memory devices (cells per area) is n/(4F), where

n is the number of memory stories. At a feature size of 0.03
micron, with twelve memory stories, then, an area density of
3.3x10 cells/mm can be achieved. At a feature size of 0.06

micron,
with eight memory stories, an area density of
5.6x10 cells/mm can be achieved. At a feature size of 0.14
micron,
with eight memory stories, an area density of
10x10 cells/mm can be achieved. At a feature size of 0.14
micron, with four memory stories, an area density of 5.0x
107 cells/mm can be achieved.

0.095. It is also useful to consider cubic density of
memory, or memory cells per Volume. In the present inven

tion, the volume of a cell is Z4F, where Z is height of the
memory cell, assuming (for simplicity) that no insulation is
needed between layers. Inverting this value (1/(Z4F) yields
the cubic density.
0096. The final height of the semiconductor element and
barrier layer can be about 1430 angstroms or greater and the

height of the conductor can be about 220 angstroms or
greater. Recall that the height of the semiconductor element
in a finished device is less than its as-deposited height, since
material is removed by planarization. A semiconductor
element and barrier layer with an as-deposited height of
2230 angstroms, after deposition of fill material between
semiconductor elements, will be planarized, which can
reduce its completed height to, for example, about 1430
angStroms.

0097. The height of any individual cell with these dimen
sions, then, can be about 1430+220=1650 angstroms or
greater. Thus, with the 0.165 micron height of a memory cell
and a feature size of 0.03 micron the cubic density of these

devices can be calculated to be about 1.7x10" devices (or
bits)/mm.
0098. A semiconductor element and barrier layer with an
as-deposited height of about 0.43 micron, could, after pla
narizing, have a finished height of, for example, 0.35
micron. The conductor thickness could be, for example, 0.15
micron, yielding a cell height of about 0.50 micron. With a
feature size of 0.06 micron (achievable with an as-deposited
height of 0.43 micron, as described above), a cubic density
can be calculated at about 1.4x10" cells/mm.

0099. A semiconductor element and barrier layer with an
as-deposited height of about 0.76 micron, could, after pla
narizing, have a finished height of, for example, 0.68
micron. The finished conductor thickness could be, for

example, 0.18 micron, yielding a cell height of about 0.86
micron. With a feature size of 0.11 micron (achievable with
an as-deposited height of 0.76 micron), a cubic density can
be calculated at about 2.4x10" cells/mm. These area and

cubic densities represent a significant improvement over
other three dimensional memories.

0100. It has been noted that the semiconductor elements
will have a substantially cylindrical shape. As feature size
decreases in semiconductor processing, current photolithog
raphy techniques tend to round any sharp corners on fea
tures. It is believed that this rounding occurs because pho
tons used in the process diffract around the features in the
plate used for patterning, resulting in rounded features being
printed in the photoresist mask. Thus, the semiconductor
element that is etched with this photoresist mask with
rounded features will typically have no sharp corners.
0101. A “substantially cylindrical element is one with a
cross section which is roughly circular, more specifically, a
cross section in which no portion of the perimeter is a
straight edge for a length longer than fifty percent of the
longest dimension measured through the centroid of the
cross-sectional area. Clearly, a straight edge will not be
“straight’ to a molecular level, and may have minute irregu
larities; what is relevant is the degree of rounding. Examples
appear in FIG. 7.
0102) The substantially cylindrical shape provides one
advantage to the memory devices: reduced current leakage.
Semiconductor elements having sharp corners often have
current leakage at the corners. The current leakage is also
proportional to the cross-sectional area of the semiconductor
element, so a substantially cylindrical shape provides the
Smallest area for a given feature size.
0103). It will be apparent to one skilled in the art, how
ever, that the substantially cylindrical shape of the semicon
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ductor elements is an incidental result of using conventional
photolithographic techniques to produce very Small features,
and, while advantageous, Some aspects of the invention
could be practiced with semiconductor elements of a differ
ent shape.
Contact Formation

0104. In monolithic three dimensional memories of the
type created according to the present invention, Vertical
interconnects, termed Zias (analogous to Vias in conven
tional two dimensional memories), may be used to connect
different stories of memory. Specifically, Zias are electrically
coupled to active devices on different stories. An “active
device' is any device that has asymmetric current versus
Voltage characteristics. Examples of active devices include
diodes and transistors. An active device is contrasted with a

passive device, which does not control Voltage or current.
Examples of passive devices include resistors, capacitors,
and inductors. The memory cells of the present invention
include diodes, and thus are active devices.

0105 Prior art Zia formation in monolithic three dimen
sional memories is described in Cleeves et al., U.S. Patent

application Ser. No. 09/746341, filed Dec. 22, 2000, hereby
incorporated by reference. The materials and methods used
by the present invention, particularly of the conductors,
simplifies formation of Zias.
0106 Zia formation according to the present invention
takes two primary forms, one for junction antifuse and
bottom antifuse embodiments, and another for top antifuse
embodiments. Each will be described in turn.
Junction and Bottom Antifuse Zias

0107 Turning to FIG. 8, the illustration shows an array
of conductors and semiconductor elements. The bottom

conductors, extending in the X-direction (in this illustration
coming out of the page) are labeled X, the ones above,
extending in the Y direction, are Y, the ones above,
extending in the X direction, are X, etc. As has been
described, there are semiconductor elements sandwiched

between each set of conductors. The array is shown when the
Y conductors, along with Zias connecting them to the Y
and Y conductors, are about to be formed.
0108) Note that as in Cleeves et al., in this drawing the
lengths of the Y and Y conductors are staggered to create
“landing pads” that are accessible from upper memory
layers.
0109) To form Zias for junction antifuse and bottom
antifuse embodiments, first a pattern and etch is done to
remove the dielectric material between the conductors where

the Zia is to formed, which may be any insulating material,
preferably SiO. This etch forms a contact void, a hole
where the Zia is to be formed. In the preferred embodiment
illustrated here, the conducting layers are tungsten, and a
TiN barrier layer between the tungsten of each conductor
and the semiconducting material of its overlying semicon
ductor element is formed as the bottom layer of the semi
conductor element. The top of each conductor, then, is of
tungsten. (It will be understood that other embodiments
using other materials can be employed. This preferred
embodiment is selected to simplify explanation.)
0110. There are chemistries which produce high etch
selectivities between SiO, and tungsten and between SiO,
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and TiN, allowing all the unwanted SiO, to be successfully
etched without Substantial etch damage to the exposed
conductors Y and Y.
0.111 Next the TiN adhesion layer that normally forms
the bottom of the Y conductors being formed is deposited,
simultaneously creating the adhesion layer for the Y con
ductors and lining the etched contact void. The TiN can be
deposited by a method that creates a Substantially conformal
film, such as CVD. Alternatively, a method such as ionized
metal plasma PVD (IMP-PVD) which preferentially depos
its TiN on horizontal features, such as landing pads, can be
used. Finally the tungsten conducting layer is deposited,
completing deposition of the conducting layer for the Y
conductors and filling the Zia. One sidewall of the Zia has a
stair-step profile. No special deposition steps or materials are
required to form the Zia; its layers are formed at the same
time, by the same depositions, as are the layers that will
become the Y conductors. For two structures to be formed
“by the same deposition” means in the same deposition
chamber, of the same deposited material, without stopping
and restarting the deposition process. The TiN in the contact
and in the Y conductors is formed by the same deposition.
Similarly, the tungsten in the contact and in the Y conduc
tors is formed by the same deposition. The low resistivity of
tungsten means Zias can be long and retain good conduc
tivity. The Y conductors are then patterned, etched, filled,
and planarized as usual.
Top Antifuse Zias
0112 A different process can advantageously be used to
create zias for top antifuse embodiments. The Zia formation
process just described for junction and bottom antifuse
embodiments started with a pattern and etch step to etch the
SiO, where the zia is to be formed, creating the contact void.
This pattern and etch step could involve, for example,
patterning photoresist on top of the areas not be etched,
etching, then removing photoresist. If Such a process were
performed in top antifuse embodiments, however, the pro
cess of applying and removing photoresist could damage the
antifuse immediately beneath it. Damage to the antifuse will
adversely affect function of the memory cell.
0113. The antifuse in this context is a critical film, where
“critical film describes a layer whose quality and thickness
has a critical influence on device performance.
0114 Zia formation for top antifuse embodiments will be
described starting at the point illustrated in FIG. 8, when the
Y conductors, along with Zias connecting them to the Y
and Y conductors, are about to be formed.
0115) To avoid damage to the fragile antifuse that could
be caused by removing photoresist, a hard mask of TiN is
deposited instead. This TiN layer can be deposited by any
method that will not harm the antifuse beneath it (non-biased
PVD, for example) and can be from 100 to 1000 angstroms
thick, preferably 300 angstroms thick. This TiN layer will
become the first part of the adhesion layer at the bottom of
the Y conductor, still to be formed.
0116. In this embodiment, the TiN at the bottom of a
conductor, in addition to acting as an adhesion layer, also
acts as an electrode adjacent the antifuse. Any conductive
material deposited immediately above the antifuse acts as an
electrode. The TiN layer just deposited, then, is the first part
of an electrode adjacent the antifuse.
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0117 To create the contact void where the Zia is to be

0.124) Step 1: 200 A TiN Deposition:

formed, the TiN hard mask and the dielectric between

0.125 No preclean, or removal of native oxide prior to
metal deposition. Deposition tool is the Applied Materials
Endura, with a throughput of about 80 wafers per hour
(WPH). Recipe: 200 AIMP TiN (IMP is biased sputtering
which produces more conformal films than non biased
sputtering). Does not need bias since no step coverage is
required.

conductors, preferably SiO, need to be etched. This can be
done using any pattern and etch technique. In one embodi
ment, a TiN etch can be performed in one chamber, then a
SiO, etch can be performed in a second chamber. In another,
TiN and SiO, are etched in a single chamber.
0118. The resulting structure is shown in FIG.9. The TiN
hard mask 90 remains after the pattern and etch. A second
TiN film can be deposited by any known method that will
produce a conformal film; it will simultaneously line the
volume etched for the zia and, together with the underlying
TiN hard mask, form the bottom of the conductor. This

second TiN film is the second part of an electrode adjacent
the antifuse. Finally the tungsten conducting layer is depos
ited, completing deposition for the Y conductors and for
mation of the Zia. One sidewall of the Zia has a stair-step
profile. The Y conductors are then patterned, etched, filled,
and planarized as usual.
0119) Alternately, for junction, top, or bottom antifuse,
the conductors need not be staggered to form the landing
pads shown in FIG. 8, and more conventional contacts can
be formed instead, without a sidewall having a stair-step
profile.

0120) The current invention provides a method for cre
ating a monolithic three dimensional memory array. The
memory cells can be electrically connected in the embodi
ments described in Johnson et al. or Knall et al., but other

arrangements can be envisaged as well.
EXAMPLE

0121 A detailed description of one preferred embodi
ment of the present invention is provided below. Due to its
cylindrical shape, in this description the semiconductor
element is referred to as a “beer can.” The bottom story of
conductors or “wiring will be referred to as X1, the one
above it as Y2, the one above it as X3, etc. The bottom story
of beer cans will be referred to as beer can 1, the one above

as beer can 2, etc. This example describes creating a memory
array with two stories of memory; memory arrays with more
or fewer stories can be created.

0122 Before creation of the monolithic three dimen
sional memory above the Substrate begins, supporting cir
cuitry, such as complementary metal oxide semiconductor
(CMOS) transistors, may be created in the wafer. The steps
detailed below begin with wafers processed though comple
tion of CMOS transistors, and referred to as “the front end.”

The final step is the routing layer CMP. The routing layer is
are the conductive wiring connecting the CMOS transistors
below, for example, to the memory cells above.
0123. In the following description, the finished memory

array includes N' " and undoped polysilicon. Through all

stages of deposition, photolithography, etch, and polish, all
of these layers are referred to as polysilicon. In some
embodiments, though, only the P" silicon is actually depos
ited as polysilicon, while the N" and undoped silicon are
deposited as amorphous silicon and are crystallized into
polysilicon by a final anneal, which also serves to activate
dopants in the silicon.

0.126 Step 2. 1500 A Tungsten Deposition:
0127. The tool used is the Novellus Concept One
(throughput about 45 WPH). Recipe is as follows: Tempera
ture is 445° C., pressure is 40 mTorr. Nucleation Step: 15
sccm SiHa 40 sccm WF, 1000 sccm Ar, 10000 sccm H2,
5.5 sec. Via fill (per stage): 40 sccm WF, 9000 sccm Ar.
10000 sccm H2, 6 sec. There are five stages total: one for
nucleation and four for via fill, so via fill step is repeated four
times.

0128. Note: Low stress Wis required. Stress: O=1.18 E10

dynes/cm. Sheet Resistance: 1500 A W=1.3 G2/square.

0129. Step 3: First Wiring Layer (X 1) Photolithography:
0.130 Mask Dimensions: 0.15 um line--0.17 um space.
Resist Coater: DNS. Scanner used is ASML/500 (40 WPH).

600 A BARC Shipley AR2. 4620 A Shipley UV 135
mJ/cm (annular). Focus: 0.0 um. DI CD Spec: Line CD:

Resist. PEB/soft bake temp=130°C/130° C. Exposure: 28
0.16+0.02 um. Dense to Isolated Bias: 0.04 um. Overlay
Spec:-60 nm.
0131) If using an ASM 5500/500 DUV scanner, use an
N.A. setting of 0.63 (maximum available). Use annular
illumination with an inner sigma setting of 0.50 and an outer
sigma of 0.80. To accomplish 0.15 mm resolution with this
tool, a k value of 0.37 is necessary. This is at the limit of
the? 500's capability. Results will be much improved with a
more capable photolithography tool.
0.132. The severe proximity effects created by using thef
500 are dealt with by a mask level adjustment to isolated
lines. An extra 0.04 mm can be added to any side of a line
that faces a space greater than 0.25 mm. This correction is
process and photolithography tool specific.
0.133 Because of the heavy use of chemical mechanical
polishing (CMP) and opaque thin films in the back end of the
process, most alignment and overlay marks below the top
surface are filled in and invisible. ASMIL SPM (scribe line)
marks are used for layer-to-layer alignment. Achieving the
necessary step height for an alignment signal depends on the
differential polishing rate between the patterned and fill
materials.

0134) Note that variation in CMP can directly affect
alignment. As long as the CMP process is consistent and
reproducible, good overlay can be maintained. If the process
shifts, or cannot be controlled, a change in overlay will be
seen. Typically, CMP induces rotational, and sometimes
Scaling, misalignment.
0135 Step 4: First Wiring Layer (X1) Etch:

0.136) Step 4a: Etch 1500 AW and 200 A TiN:
0.137 Etch tool used is LAM 9600 (35 WPH). Recipe:
(Chuck Temp=45° C). BARC: 12 mT/400 TCP/60 BP/50
BC1/25". W: 12 mT/600 TCP/100 BP/60 SF/11 N/15
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BC1/Ept (-25")+25% OE. TiN: 8 mT/500 TCP/80 BP/30

Cl/50 BC1/20". The Wetch rate is about 3600 A/min.
0138 Resist/BARC remaining after etch is about 500 A.
Oxide Gouge=-350 A (dense); -650 A (isolated). Wall

angle is 88-90°.
0139 Step 4b. Plasma Strip:
0140 Tool used is Gasonics (an alternative is 9600 Strip).
Recipe: N2/O2 ash, 30s, 270° C.
0141 Step 4c: Post Strip Clean:
0142 Tool used is Semitool. Recipe: EKC 265 Clean, 65°
C., 10 min. Line CD is 0.15+0.02 um. Dense to Isolated Bias
is 25 nm. Dense lines shrink at etch by ~15 nm while
isolated lines grow by 10 nm.
0143 Need to clear any large unstepped areas to avoid
tungsten peeling.
0144) Step 5: X1 (First Wiring Layer) Fill:

0145 2500 A HDP oxide deposition is performed. No

preclean is required. Deposition tool can be Novellus Speed,
or AMAT HDP. Silane oxide deposition conditions corre
spond to an etch to deposition (E/D) ratio of about 0.25 in
Novellus; equivalent AMAT HDP D/S ratio=3.2.
0146 Gap is 0.17 um tall and 0.17 um wide, for an aspect
ratio of 1:1. AMATHDP recommended to prevent alignment
mark distortions.

0147 Step 6: X1 CMP:
0148. To perform CMP on HDP oxide, use Westech, with

main polish rate about 2700 A/min. AMAT Mirra can also be

used. Ontrak DSS-200 with 1% NHOH through the brush
(no HF).
0149 Consumables used for main polish are Cabot SC-1,
IC 1000/SubalV, SP1 CVD diamond conditioner disk. Con

sumables used for buff: Politex regular.

0150 Recipe: Remove equivalent to 1600 A on blanket
TEOS wafer. 100 A oxide removal in final platen slurry buff.
0151. There is minimal W loss, some rounding of cor
ners, smoothing of grains. Politex platen-3 buff with slurry

removes approximately 100 A from blanket wafer after main
polish. Oxide dishing occurs between W lines of about 200
A so A. Center to edge variation (oxide loss) is 200 to
300 A.

0152 Step 7: Diode 0 (Beer can 1) TiN Deposition:

TABLE 1.
Step

Time

200 A 1e21 5:00

Silane

Helium

500 sccm

700 sccm

1.5% BCI 1.5% PH
100 sccm

PS

2900 A

2:22:40

500 sccm

800 A 5e20 1:08:00

500 sccm

undoped Si
380 sccm

NS

200 A

10:45

500 sccm

undoped Si

0156 Dopants and concentration for in-situ doping: For

P" dopant, use boron at 1.0x10° per cm; for N' dopant, use
phosphorous at 5.0x10' per cm. Thickness variation
within a wafer should be less than 2% (3 sigma); across a
load, less than 3% (3 sigma); and from load to load, less than
2% (3 sigma).

O157 600 A of the N" polysilicon thickness and the
undoped polysilicon can be sacrificial for CMP polishing. At

least 200 A of N' polysilicon is required for ohmic contact
to subsequent TiN/W. Undoped polysilicon deposited as the
last deposition eliminates autodoping, and can be removed
in subsequent CMP step.

0158 Alternatively, ion implantation can be used instead
of in situ doping for the N layer. Such implantation would
be done after the beer can CMP.

0159 Step 9: Diode 0 (Beer can 1) Oxide Hard Mask
Deposition:

0.160) Deposit 400A of oxide hard mask using a Novellus
Oxide tool.

0.161 Hard mask is low temperature silane oxide. This
hard mask is required if ASML/500 photolithography tool is
used, but may not be necessary if a better tool is used. Hard
mask improves silicon thickness uniformity after CMP.
because hard mask deposition is more uniform than fill
deposition.
0162 Step 10: Diode 0(Beer can 1) Photolithography:
0163) Use DNS resist coater and ASML/500 scanner or

ASML/700 scanner. Deposit 900 A BARC (or, alternately,
DARC) and 4270 AUV 135 resist. Perform PEB and soft
bake at 130° C./130° C. Exposure is 20 m.J/cm. Focus: 0.0

0153. To perform 200 A TiN deposition, no preclean is

lm.

needed. The tool used is AMAT Endura (80 WPH). Recipe

0164. The beer can ideal CD is 0.15+0.02 um. Overlay
specification ist60 nm.

is IMP TiN with bias; MOCVD or PVD TiN can be used.

This layer is a barrier layer between W and polysilicon. It
can be thinner, and is required to minimize leakage.
0154) Step 8: Diode 0(Beer can 1) Polysilicon Deposi

O155 Deposit 200 A P" polysilicon, 2900 A undoped
polysilicon, 800 A N' polysilicon, and 200 A undoped

0.165 If the beer can mask is to be printed using ASML/
500, it should be sized up to 0.17 um and printed with about
a 20 nm positive bias. If an ASML/700 scanner or better will
be available, the mask may be printed with better fidelity.
0166 Other problem associated with using/500 for 0.15

polysilicon. Tool used is ASMLSVG.. Recipe is 540°C., 400
mTorr. Remaining recipe conditions are shown in Table 1.

develop) and poor profile warranting a hard mask at etch.

tion:

um posts are: low resist thickness (about 3500 A resist after
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0167 Misalignment can be tolerated. At nominal dimen
sions for beer cans and W conductors, contact area varies

with misalignment as shown in Table 2:

removal target is 700 A. Oxide hard mask must be removed

TABLE 2
Linear Misalignment

Contacted Area

+f-0 nm
+f-50 mm

100%
70%

+/-100 nm
+f-125 nm

30%
1796

0168 In the case of the wiring layers: X1, Y2, ..., X9,
the polishing rate for tungsten is near Zero so the CMP
selectivity of tungsten to oxide is high. This makes it
relatively easy to make a useable alignment mark. ASML

specifies a target step height of 1200 A. Experience has
shown that for this process, any step height greater than 200
A is sufficient to get good alignment. Between 40 A and 200
A, alignment may still work, but it is not reliable. Values
greater than 200 A are typically achieved for the wiring
layers.
0169 Step 11: Diode 0 (Beer can 1) Etch:

0170 Etch the following layers: 900 A BARC, 400 A
Oxide, 200 A undoped polysilicon, 800 A N' polysilicon,
2900 A undoped polysilicon, 200 A P'polysilicon and 200
A TiN. The etch tool used is 94.00 DFM (44 wiph for 4
chamber tool).
0171 The following etch recipe is used (cathode Temp:
60° C): For BARC, 5 mT/250 TCP/-200 BV/100 CF/Ept.
For the hard mask, 5 mT/250 TCP/-200 BV/100 CF/20".
Polysilicon main etch (ME): 10 mT/350 TCP/90 BP/40
C1/150 HBr/15. He O/Ept(-100s)+5% OE. Polysilicon
overetch (OE): 80 mT/400 TCP/60 BP/100 HBr/200 He/19
He O/45". TiN: 5 mT/250 TCP/120 BP/10 C1/50 HBr/50
He/30".

0172 To perform the plasma resist strip, use the Novellus
Iridia. The recipe is -2.5%CF in O, 1375 W MW, 50 W RF,
40° C., 105 s. 100% O, 0 W MW, 420 W RF, 40° C., 60s.
0173 The solvent clean tool is Semitool., and the recipe
is EKC 265 Clean

0179 Step 13: Diode 0 (Beer can 1) CMP.
0180. To CMP the HDP oxide, tools and consumables are
the same as for the conductor polish in Step 6. Oxide

10 minutes. The beer can CD is

0.21+0.03 um. The CD is higher due to mask biasing. The
ideal can CD is 0.17+0.02 um. CD Bias: ~20 nm. relative to
photolithography.

0174 Gouge into W during OE is <100 A, and gouge into
oxide during over etch is <100 A.
0175 Polysilicon OE step is selective to TiN. CF4 con
taining ash with bias in Iridia helps clean up polymer
without HF dip.
0176) Step 12: Diode 0 (Beer can 1) Fill:

from beer can structures. It is acceptable to leave undoped
polysilicon on beer cans after polish. It is acceptable to leave
unpolished oxide on other structures. After polish, the beer

can must have a minimum of 200 A of P' polysilicon
remaining, such that total stack height is 3100 to 4300 A
after polish.

0181 Polish times are very short for 700 A target.
Ramp-up plus buff steps remove approximately 250 A. Main
polish step is typically 9 to 10 seconds. The buff step, if used
removes approximately 100 A after main polish. Center to
edge oxide loss variation is about 100 to 200 A.
0182 Step 14: Beer Can 1 Antifuse Growth:

0183) 18 A of antifuse oxide must be grown. Perform

preclean first: 100:1 HF dip; 45s. Antifuse oxide growth is
performed using an AG Associates RTP tool. Recipe is 650°
C.; 60s; Gases: 5 LO and 5 L N. Thickness of the antifuse

is 18+1 A. Within wafer thickness uniformity should be less

than 3% (1 Sigma).
0.184 Maximum queue time between preclean and RTO
is four hours. Queue time between RTO and Y2 TiN
deposition appears not to be critical. AMAT RTO is an
alternate tool.

0185. RTO conditions will be adjusted based on diode
e-test results (unprogrammed leakage current and time to
breakdown).

0186 Step 15: 200 A TiN Deposition, Second Wiring
Layer (Y2):
0187 Tool used is Endura MOCVD or ULVAC PVD can
be used. Recipe: IMP TiN without bias. The TiN deposition
step should not have any pre-sputter clean or bias in order to
protect the antifuse oxide. PVD or MOCVD TiN deposition
can be used.

0188 Step 16: 1500 A W Deposition, Second Wiring

Layer (Y2):
0189 The Novellus W tool can be used. The recipe
should be the same as X1 W deposition in Step 2 but for

deposition time. Deposition time adjusted to target 1500 A.

TiN deposited without bias may make the W nucleation
process sluggish, which is referred to as an incubation time,
making the resulting W thickness lower compared to X1
step. W deposition on PVD or MOCVD TiN may behave
differently.
0.190 Step 17: Y2 Photolithography Second Wiring
Layer Masking:
0191 Photolithography conditions same as X1 photoli

thography conditions of Step 3 except dose of 27.5 m.J/cm.

0177) For 4000 A HDP Oxide Deposition (3 chambers:

CD specification is 0.16+0.02 um, and overlay specification

60 WPH), use Novellus Speed or AMAT HDP. In the case
of Novellus deposition, the E/D ratio=0.25; equivalent

0.192 Step 18: Y2 Etch Second Wiring Layer Etch:

AMAT HDPD/S ratio-32.

0178) Thickness should be 4100+200 A. AMAT HDP is

recommended since Novellus HDP fill causes asymmetry
and thereby affecting alignment at photo.

is+60 nm.

0193 1500 AW and 200 A TiN must be etched. Etch

conditions are the same as X1 etch conditions described in

Step 4. CD spec is 0.15+0.02 um. Gouge into beer can 1

polysilicon is about 1400 A.
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0194 Step 19: Y2 Fill:

0195 2500 AHDP oxide fill. Fill conditions are the same

as for X1, described in Step 5.
0196) Step 20: Y2 CMP.
0197) CMP conditions same as for X1, describe in Step 6.
0198 Step 21: Diode 1 (Beer Can 2) TiN Deposition.

0199 The process to deposit 200 A of TiN is the same as
for beer can 1 TiN deposition, described in Step 7.
0200 Step 22: Diode 1 (Upside down diode Beer can 2)
Polysilicon Deposition:

0201 To deposit 200 AN" polysilicon, 2900 A undoped
polysilicon, 700 A P silicon, and 300 A undoped silicon,
use the ASMLSVG tool. Recipe is 540°C., 400 mTorr, with
remaining conditions detailed in Table 3:
TABLE 3
Step

Time

200 A 5e20 19:30
NS
2900 A
2:22:40

Silane

Helium

500 sccm

380 sccm

1.5% BCI 1.5% PH,
40 scom

SOO Scom
500 sccm

0216) To grow 18 A of antifuse oxide, perform a pre
clean: 100:1 IHF, 45 S. Grow the antifuse using the AG
Associates RTP. The recipe is 650° C., 51 O, 51 N, 60s.
In beer can 2, antifuse oxide is grown on P' polysilicon as
opposed to on N' polysilicon in the case of beer can 1.
0217 RTO conditions will be adjusted based on diode
e-test results (unprogrammed leakage current and time to
breakdown).
0218 Step 29: X3 TiN 1 Deposition:

0219) To deposit 300 A of TiN, no preclean is required.
The tool and recipe for this TiN deposition are the same as
for the Y2 TiN deposition, described in Step 15, except for
the deposition time. The deposition time is compensated for
increased thickness

0220 Plasma damage prevention is critical during TiN
deposition in order to protect the antifuse. TiN is needed to

protect the antifuse during zia etch and cleans. 300 A of TiN

undoped Si
700 A 1e21 15:00
P+ Si
300 A
15:45

0213) Step 27: Beer can 2 CMP.
0214 Beer can 2 CMP is the same as beer can 1 CMP, as
described in Step 13.
0215 Step 28: Beer can 2 Antifuse Growth:

700 sccm

100 sccm

500 sccm

undoped Si

is needed to protect the antifuse from being exposed during
the TiN deposition prior to X3 W deposition.
0221) Step 30: Zia 1 Photolithography:

0222 Use 4620 A of UV135 resist, and 600 A of BARC.

0202 Dopant and concentration for in-situ doping, for N'

The scanner is the ASML/500 (NA?sigma: 0.48/0.36). Alter
natively ASML/700 can be used instead. Expose conditions

beer can 1, as described in Step 8.

Overlay is+75 nm. 0.21 um wide zias are targeted. Three
different Zia lengths exist in the cell. Different lengths can be
used depending on how many memory levels are to be

should be phosphorous at 5.0 E20 per cm. For P", use boron
at 1.0 E21 per cm. Thickness variation is the same as for
0203 500 A of the P' thickness and undoped polysilicon
is sacrificial for CMP polishing. About 200 A of N' and P'

polysilicon is required for Ohmic contact to the underlying
TiN/W. The undoped cap eliminates memory effect during
deposition.
0204 Alternatively, ion implantation can be used instead
of in situ doping for the N layer. Such implantation would
be done after the beer can CMP.

0205 Step 23: Diode 1 (Beer can 2) Hard Mask Depo
sition:

0206) To deposit a 400 Ahard mask oxide, the deposition
conditions are the same as for beer can 1 hard mask,

described in Step 9. This hard mask is needed to prevent
poor photolithographic profile caused by Scanner limitations
from being transferred to the diode at etch. The hard mask
also helps CMP.
0207 Step 24: Diode 1 (Beer can 2) Photolithography:
0208 Beer can 2 photolithography is the same as beer
can 1 photolithography, as described in Step 10.
0209 Step 25: Beer Can 2 Etch:
0210 Beer can 2 etch is the same as beer can 1 etch, as
described in Step 11.
0211 Step 26: BC2 (Beer can 2) Fill:
0212 Beer can 2 fill is the same as beer can 1 fill, as
described in Step 12.

are 31 mJ/cm/-0.1 um Focus. CD should be 0.21+0.02 um.
contacted.

0223) Step 31: Zia 1 Etch:

0224. Etch 300 A TiN and about 14000 A oxide +25%

OE. Etch tool is Centura MxP-eMax. Etch recipe for BARC/
TiN Etch is Ar/CF/CHF chemistry. For the oxide etch the
recipe is Ar/CF/O chemistry.
0225. The CD specification is 0.21+0.025 um (this is the
top CD.) CD bias.<10 nm (relative to photolithography for
top CD.)
0226 Regarding selectivity, resist loss during TiN etch is

500-600 A. Oxide to resist selectivity is 6:1. Oxide to W
selectivity is 100:1, so there is no noticeable W loss.
0227. The wall angle is 88+1. For resist strip, use

Gasonics O/N, ash; 270° C. Solvent clean is performed

using Semitool 10 min EKC Clean.
0228 Note BARC may not be needed on top of TiN. TEL
DRM is an alternate tool for this process.
0229 Zias are rectangular. Zias of three different lengths
are present in the mask. Selectivity to W during Zia etch is
very good.
0230 Step 32: X3 TiN 2 Deposition:

0231 Perform the second TiN (200 A) deposition at X3

using the AMAT Endura tool. The recipe: IMP TiN or,
alternatively, MOCVD TiN.
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0232 Pre-sputter is equivalent to an oxide loss of 300 A

on a blanket oxide wafer, or a loss of 120 A of TiN on a

0253) Use ASML/500 (NA/sigma: 0.48/0.36). Photoli
thography conditions are the same as Z1 except dose of 30

blanket TiN wafer.

mJ/cm. CD is 0.21+0.02 um; overlay is+75 nm.

0233 Pre-sputter step is critical since it serves two com
peting purposes. That is, W surface at the bottom of the zia
should be cleaned of native oxide while ensuring that the
antifuse oxide is not exposed or damaged.
0234) The total TiN thickness (TiN1+TiN2 pre-sputter)

0254 Step 41: Final Zia Etch:

on the wafer is 350-400 A at the end of this step.

0235 Second TiN thickness can be reduced if MOCVD
is used.

0236 Step 33: X3 W Deposition:

0237 For 2000 A W Deposition, use Novellus CVD W

tool. No preclean. Recipe is the same as X1 or Y2 W
deposition except for time, which is adjusted for thickness
target.

0238) Note that W thickness is 2000 A. This is required
um, W thickness can be reduced to 1500 A, as in the case of

to fill 0.35 um wide zias. If Zia size is reduced to below 0.3
X1 and Y2.

0239 Step 34: X3 Photolithography:
0240 Photolithography conditions and specifications are
the same as that of Y2 photolithography steps, described in
Step 17. CD specification is 0.16+0.02 um; overlay speci
fication is: 60 nm.

0241 Step 35: X3 Etch: Etch 2000 A of W and 400 A of
TN:

0242 Etch and clean conditions and specification are the
same as that of X1 and Y2 etch steps. Etch times should be
adjusted in W and TiN etch steps to account for increased
thickness relative to X1 and Y2. Need to verify if resist
thickness is sufficient to tolerate longer etch relative to X1
and Y.

0255) Etch 600 A of BARC, 5000 A of oxide +25% OE.

Use Centura MxP eMax tool. Etch chemistry can be the
same as Zia 1 etch described in Step 31. TiNetch step should
be removed. Oxide etch time should be adjusted to target
8000 A of oxide removal. Ash and solvent clean: same as Zia

1. described in Step 31. CD Spec is 0.21+0.025 um. Etch is
straightforward and simple since the stack height is short
and W is a good etch stop. Same recipe used for etching Zia
1 can be used after removing TiN etch step and altering time
to account for thickness difference.

0256 Step 42: Final Zia TiN Deposition:

0257). Use AMAT Endura tool. Recipe is 200 AIMP TiN:
MOCVD TiN can be used. Recipe conditions can be the
same as the TiN deposition condition used for second TiN
deposition at X3 deposition.
0258 Step 44: Final Zia W Deposition:

0259 For 2000 AW deposition, use the Novellus W tool.
in Step 33. Note that W thickness is 2000 A. This is required

The recipe is the same as for the X3 W deposition described

to fill 0.35 um Zias. If Zia size is reduced, W thickness can
be reduced accordingly.

0260 Step 45: Final Zia W CMP.
0261) Use IPEC 472. Consumables are Rodel MSW 1500

(KIO alumina) slurry, Politex main polish pad, no buff.

Polish rate is about 3000 A/min. Polish time is 90 seconds.

Poor oxide selectivity; oxide loss is approximately 1000 to

1500 A. Alternately, any via or contact W polishing recipes

can be used instead.

0262 Step 46: Top Metal Deposition:

0244 Same as X1 and Y2 fill except for thickness.

0263. Deposit 150 A Ti, 4000 A Al, 300 A TiN. Use
AMAT Endura tool. Recipe: Deposit 150 A PVD Ti; Pre
sputter is equivalent to 50 A of oxide. Deposit 4000 A PVD
Al at 200° C. Deposit 300 A PVD TiW. Any top metal stack

Increased oxide thickness to account for increased W thick

conditions can be used.

0243 Step 36: X3 Fill: Deposit 3000 A of HDP Fill
Oxide:

CSS.

0245 Step 37: RTA: Final Anneal
0246 Use the AG Associates RTA tool. Recipe is 770° C.
60s; 10 liters Ar flow. The purpose is to crystallize silicon
and activate dopant.
0247 Step 38: X3 CMP.

0248 Blanket wafer CMP removal target is 1700 A.
Other conditions are the same as X1 and Y2 CMP, described

in Step 6.
0249 Step 39: X3 Cap Oxide Deposition:

0250) Deposit 5000 A of Silane Oxide using Novellus
tool. Recipe is Silane oxide. This need not be HDP oxide
since it is a cap oxide on a CMPed surface. Canbe AMAT

0264) Step 47: Top Metal Photolithography:
0265 Use ASM11. Resist is JSR iX715 DM7 (1.2 m).

BARC: AR2. Photolithography conditions: 220 m.J/cm/0.0
um. CD is 1.0 um+0.1 um.
0266 Step 48: Top Metal Etch:
0267 Tool: LAM 9600 PTX. Etch recipe is C1/BC1/SF
BARC and TiW etch. C1/BC1 Aletch, OE, and Ti etch.
0268 Use standard plasma strip conditions. Solvent
Clean tool is Semitool, 20 min EKC-265, 65° C.

0269 Step 49: Alloy:
0270. Use VTR Furnace. Recipe: Alloy at 400° C. and
atmospheric pressure for 30 minutes in N with about 5%

oxide or Novellus.

H.

0251 Step 40: Final Zia Photolithography:
0252) The final Zia makes contact between top metal and
memory layers.

0271 Periodic backside removal was found to be neces
sary to process the wafers through all the photo and etch
steps. Stress measurements indicate linear increase in stress
with layer number and stress relief with backside film
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removal. Backside polysilicon removal after every fourth
polysilicon stack deposition would prevent any stress related
processing problems and ensure Sufficient process margin.
Another option is to add backside polysilicon removal after
every stack deposition starting with P polysilicon (as in the
case of beer can 1.) This would also alleviate defect con
CS.

0272 More backside etches may be necessary to meet
particle performance.
0273 Care must be taken in setting up the photolithog
raphy job Such that photolithographic patterning leaves no
part of the wafer unexposed (such as wafer scribe region). W
peeling is typically seen in the alignment mark region and in
big pads.
0274 Thick oxide on W and excessive time at high
temperature (greater than 700° C.) exacerbate W peeling
problem.
0275. The foregoing detailed description has described
only a few of the many forms that this invention can take.
For this reason, this detailed description is intended by way
of illustration, and not by way of limitation. It is only the
following claims, including all equivalents, which are
intended to define the scope of this invention.
What is claimed is:

1. A nonvolatile memory cell comprising:
a first conductor at a first height above a substrate and
extending in a first direction;
a first polycrystalline semiconductor element above the
first conductor, wherein the semiconductor element

comprises a heavily doped P-type region and a heavily
doped N-type region, and wherein no antifuse layer
intervenes between the heavily doped P-type region
and the heavily doped N-type region; and
a second conductor above the semiconductor element and

extending in a second direction, the second direction
substantially different from the first direction,
wherein a portion of the first conductor, the semiconduc
tor element, and a portion of the second conductor
make up the nonvolatile memory cell.
2. The nonvolatile memory cell of claim 1 further com
prising an antifuse layer disposed between the first semi
conductor element and the second conductor.

3. The nonvolatile memory cell of claim 2 wherein the
antifuse layer is an oxide layer.
4. The nonvolatile memory cell of claim 3 wherein the
oxide layer comprises silicon dioxide.
5. The nonvolatile memory cell of claim 1 wherein the
semiconductor element is a vertically oriented pillar.
6. The nonvolatile memory cell of claim 1 wherein the
heavily doped P-type region is above the heavily doped
N-type region.
7. The nonvolatile memory cell of claim 1 wherein the
heavily doped N-type region is above the heavily doped
P-type region.
8. The nonvolatile memory cell of claim 1 wherein a
lightly doped region is disposed between the heavily doped
N-type region and the heavily doped P-type region.
9. The nonvolatile memory cell of claim 1 wherein the
Substrate comprises monocrystalline silicon.

10. The nonvolatile memory cell of claim 1 wherein the
first conductor or the second conductor comprises tungsten.
11. The nonvolatile memory cell of claim 1 wherein the
second direction is substantially perpendicular to the first
direction.

12. A method to form a nonvolatile memory cell, the
method comprising:
i) forming a first conductor at a first height above a
Substrate;

ii) forming a first pillar-shaped semiconductor element
above the first conductor, wherein the first semicon

ductor element comprises a first heavily doped layer of
a first conductivity type, a second lightly doped layer
above and in contact with the first layer, and a third
heavily doped layer of a second conductivity type
above and in contact with the second layer, the second
conductivity type opposite the first;
iii) forming a first antifuse above the third heavily doped
layer of the first semiconductor element; and
iv) forming a second conductor above the first dielectric
antifuse.

13. The method of claim 12 wherein the step of forming
the first semiconductor element comprises:
after the step of forming the first conductor, depositing a
semiconductor layer Stack on the first conductor, and
patterning and etching the layer stack to form the first
semiconductor element.
14. The method of claim 13 wherein the semiconductor

layer stack comprises depositing polycrystalline silicon.
15. The method of claim 12 wherein the substrate com

prises monocrystalline silicon.
16. The method of claim 12 wherein the first conductivity
type is N-type and the second conductivity type is P-type.
17. The method of claim 12 wherein the first conductivity
type is P-type and the second conductivity type is N-type.
18. The method of claim 12 wherein the third heavily
doped layer is doped by ion implantation.
19. The method of claim 12 wherein the first heavily
doped layer is doped by in situ doping.
20. The method of claim 12 wherein the step of forming
the first conductor comprises:
depositing a first tungsten layer; and
patterning and etching the first tungsten layer to form the
first conductor.
21. The method of claim 12 wherein the first antifuse

comprises an oxide layer.
22. The method of claim 21 wherein the oxide layer
comprises silicon dioxide.
23. A monolithic three dimensional memory array com
prising:
a plurality of substantially parallel first conductors above
a Substrate, the first conductors not comprising monoc
rystalline silicon;
a plurality of first semiconductor elements above the first
conductors, each semiconductor element comprising a
first heavily doped layer of a first conductivity type, a
second lightly doped layer, and a third heavily doped
layer of a second conductivity type;
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a plurality of first antifuse layers, each antifuse layer
formed above one of the semiconductor elements; and

a plurality of Substantially parallel second conductors, the
second conductors above the first antifuse layers.
24. The monolithic three dimensional memory array of
claim 23 wherein the Substrate comprises monocrystalline
silicon.

25. The monolithic three dimensional memory array of
claim 23 wherein the first conductors or the second conduc

tors comprise tungsten.
26. The monolithic three dimensional memory array of
claim 23 wherein the first semiconductor elements are

vertically oriented pillars.
27. The monolithic three dimensional memory array of
claim 23 wherein the first semiconductor elements comprise
polycrystalline silicon.
28. The monolithic three dimensional memory array of
claim 23 wherein the first antifuse layers comprise an oxide.
29. The monolithic three dimensional memory array of
claim 28 wherein the oxide comprises silicon oxide.
30. The monolithic three dimensional memory array of
claim 23 further comprising a plurality of second semicon
ductor elements above the second conductors.

31. The monolithic three dimensional memory array of
claim 30 further comprising a plurality of third conductors
formed above the second semiconductor elements.

32. The monolithic three dimensional memory array of
claim 23 further comprising a plurality of memory cells,
each memory cell comprising a portion of one of the first
conductors, one of the first semiconductor elements, and a

portion of one of the second conductors.
33. The monolithic three dimensional memory array of
claim 23 wherein the first conductors extend in a first

direction, and the second conductors extend in a second
direction, the second direction different from the first direc
tion.

34. The monolithic three dimensional memory array of
claim 33 wherein the second direction is substantially per
pendicular to the first direction.
35. A method for forming a monolithic three dimensional
memory array, the method comprising:
forming a first plurality of Substantially parallel, Substan
tially coplanar conductors above a substrate;
forming a first plurality of semiconductor elements above
the first conductors, each first semiconductor element

comprising a first heavily doped layer having a first
conductivity type, a second lightly doped layer on and
in contact with the first layer, and a third heavily doped
layer on and in contact with the second layer, the third
heavily doped layer having a second conductivity type
opposite the first conductivity type; and
forming a second plurality of Substantially parallel, Sub
stantially coplanar conductors above the first semicon
ductor elements.

36. The method of claim 35 wherein the step of forming
the first conductors comprises:
depositing a first conductive layer;
patterning and etching the first conductive layer to form
the first conductors;

depositing a first dielectric material over and between the
first conductors; and

planarizing to expose tops of the first conductors sepa
rated by the first dielectric material.
37. The method of claim 36 wherein the step of forming
the first semiconductor elements comprises:
depositing a first semiconductor layer stack on the pla
narized first dielectric material and first conductors;

patterning and etching the first semiconductor layer stack
to form the first semiconductor elements;

depositing a second dielectric material on and between the
semiconductor elements; and

planarizing to expose tops of the first semiconductor
elements.

38. The method of claim 37 wherein the step of depositing
a first semiconductor layer stack comprises depositing poly
crystalline silicon.
39. The method of claim 37 wherein the first semicon

ductor elements are pillar-shaped.
40. The method of claim 35 wherein the third heavily
doped layer of each first semiconductor element is doped by
ion implantation.
41. The method of claim 35 wherein the first heavily
doped layer of each first semiconductor element is doped by
in situ doping.
42. The method of claim 35 further comprising forming a
second plurality of semiconductor elements above the sec
ond conductors.

43. The method of claim 42 further comprising forming a
third plurality of substantially parallel, substantially copla
nar conductors above the second semiconductor elements.

44. The method of claim 35 further comprising forming a
plurality of first antifuse layers disposed between the first
semiconductor elements and the second conductors.

45. The method of claim 44 wherein the step of forming
the first antifuse layers comprises forming oxide layers.
46. The method of claim 45 wherein the step of forming
oxide layers comprises oxidizing a portion of the third
heavily doped layer of each semiconductor element.
47. The method of claim 35 wherein the first conductivity
type is N-type and the second conductivity type is P-type.
48. The method of claim 35 wherein the first conductivity
type is P-type and the second conductivity type is N-type.
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